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PEiOPOS-rn PAPER 

A ETlnrY OF HYPBSON3.C AlRCRAF'T 

By Douglas E. 14a11 

Tnis  paper presents  t h e  r e s u l t s  of a study performed a t  

t h e  NASA F l i g h t  Research Center in which t h e  c h a r a c t e r i s t i c s  

of s eve ra l  p o t e n t i a l  hypersonic a i rc raf t  were compared. 

study, candidate bels were assessed for t he i r  app l i c s t ion  t o  

hypersonic a i r c r a f t ,  sever81 modes of propulsion were considered 

as  well as  t h e i r  f l i g h t  ragions of operation, and an assessrnent of 

var ious  c l a s s e s  of hypeid, onic ai rcra1-t was made. 

I n  t h i s  

The stufiy showed that  low-id&rge hyperso,nic cruise aircraft 

are s u f f i c i e n t l y  interesting to warrant more detailed s tud ie s .  

In t e rcep to r s  employing hydrogen fuel are competit ive w i t h  those 

employing hydrocarbon f u e l s  at  h c n  nurnbers of 5 t o  6.  

advancements i n  t h e  s t a t e  of t h e  a r t  would provide a more pract- i -  

c a l  sized recoverable booster for takeoff from convent ioml  runways, 

Tnis study a l so  concluded that research  programs should be 

Finally, 

eimed a t  provid i rg  technology advanceinents i n  propulsion, configura- 

tion aerodynamics, and high temperature l igh t  weight 

meet the  demands of  f u t u r e  hypersonic a i rcraf t .  

. .  
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N A T I O N A L  AZRONAUTICS AID SPACZ ADMITJiSTRATION 
.I 

PROPOSED P A P S  

A STUDY OF HYPERSONIC AIRCRAFT 

By Douglas E. Wall 
J 

INTRODUCTION 

- 1 
-i 

A study was performed a t  the NASA F l i g h t  Research Center 

t o  determine t h e  gross  cha rac t ey i s t i c s  of f u t u r e  hypersonic 

a i r c r a f t ,  T h i s  study did not i n c o q o r a t e  the refinement of 

conf'iguration opt imizat ion.  

study were t o  be used as a guide i n  assess ing  the  need for f u t u r e  

The c h a r a c t e r i s t i c s  defined by this 

hypersonic f l i g h t  research. 

The purpose of t h i s  paper i s  t o  show some of the possi-  

b i l i t i e s  and c h a r a c t e r i s t i c s  of f'utilre hypersonic a i r c r a f t  as 

envisioned by F l i g h t  Research Center engineers .  

I n  this space age one might l o g i c a l l y  ask  why we are s t i l l  

concerned wi th  a i r p l a n e s .  

aerodynamic l i f t  and air-breathing propulsion a v a i l a b l e  from t h e  

atmosphere appear t o  be po ten t i a l ly  a t t r a c t i v e  f o r  f u t u r e  appl i -  

c a t i o n s .  

The answer is that the aspects of 

This i s  c l e a r l y  evident f o r  those  systems requi r ing  

sustained c r u i s e  operat ion.  

Figure 1 shows the  h is tory  of a i r c r a f t  speeds. The shaded 

areas i n d i c a t e  probable extensions i n  f u t u r e  years .  The large 

s lope  of the rocket  powered research a i r p l a n e s  ind ica t e s  rapid 

advancements i n  tecmology.  
m i l i t a r y  and comerclal  a i r s r a f t  ir, tie f.;+,ure resu  .tj-,x in 

This trend could be r e f l e c t e d  i n  

f l i gh t  a t  hypersonic speeds. However, this would be dependent 

- 3 -  



i 

2 

3 
4 

5 
6 

7 
8 

9 
10 

11 

12 

13 
14 

15 
16 

17 
18 

19 
20 

21 

22 

, upon engine dev 

0 
lopment 3 the  development of high temperature, 

l i g h t  weight s t r u c t u r e s  and materials. 

Since hypersonic a i r c r a f t  are so dependant upon the  mode 

of propulsion, it i s  i n  order  t o  review some of the prOpoS8d 

fie19 and some candidate propulsion systems and their  f l i g h t  

. regions of operat ion.  Following this, an assessment will be 

made of each c l a s s  of hypersonic aircraf't. 

HYPERSONIC PROPULSION 

Flight  i n  the sens ib le  atmosphere at  hy-personic speeds 

w i l l  require a t  least two and possibly t h ree  o r  four  modes of 

propuls ion f o r  some of the vehic le  systems. 

a l s o  a r e  possible ,  based on the  selection of f'uels and the  f l i g h t  

reg ion  of operat ion.  

the  l i q u i d  €$ air-breathing' engines with the  %-Lo2 rocket motor. 

The a b i l i t y  of t h e  air-breathing engines t o  produce s i g n i f i c a n t l y  

more t h r u s t  per pound of car r ied  propel lan t  shows their s u i t a b i l i t y  

f o r  cruise appl ica t ions .  

Various t radeoffa  

Figure 2 shows a performance comparison of 

Candidate Fuel$ f o r  Hy-personic Cruise 

The following t a b l e  presents var ious  c h a r a c t e r i s t i c s  of 

three fuels. 

TABU I - VARIOUS FUEL C H A R A C m S T I C S  

c 
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The f i r l s t  three columns of t h e  cha r t  show the famlliar 

valiles assoc ia ted  with f u e l s .  The last  three c o l u i i s  assess 

the  f u e l s  on the  basis of each cubic f o o t  of a i r  entering tile 

i n l e t  fora complete combustion. The las t  column shows the e f f e c t  

of change i n  tank volume f o r  each cubic foo t  of i n l e t  air. The 

LH2 f u e l  g ives  the  highest  heat release for producing thrust. 

i s  a l so  c l e a r l y  m p e r i o r  as 8 heat sink for operation a t  t h e  hipher  

f l i g h t  speeds. The chief disadvantage i s  t h e  l a r g e  volume require-  

ment f o r  f u e l  s torage,  and i n  t n e  smaller a i r c r a f t ,  t h i s  r e s u l t s  

i n  tiigh drag which o f f s e t s  ‘cne increased heat release, A t  f i rs t  

glance,  the l i q u i d  rnet;hane appears t o  be a t t r a c t i v e .  However., t h e  

l a s t  Lhree columns i n d i c a t e  tmt the smll  increase  i n  a v a i l a b l e  

It 

i 

heat sink over the hydrocarbons would not warrant the  loss i n  

performance o r  t he  increase i n  tank volume. 

Modes 02 Propulsion 

Bcth  t u r b o j e t  engines and rocket motors were used exten- 

s ive ly  i n  t h i s  stuuy. 

systems, i t  i s  not f e l t  t h a t  f u r t h e r  d i scuss ion  of these systems 

i s  warranted. 

Since both are familiar propulsion 
n 

I n  cori t ras t ,  ramjets are not  q u i t e  so familiar and 

t h e r e f o r e  warrant some discussion.  

Subsonic Combustion Ramjet 

A t  hypersonic speeds, t n e  subsonic c m b u s t i m  ramjet engine 

i s  c l e a r l y  super ior  t o  the tu rboje t .  However., f l i g h t  speeds 

g r e a t e r  than a, Mach number of 1 are usually required f o r  ramjet 

a c c e l e r a t i o n  of large vehic les .  Therefore, t h e  a l r c r a f t  must be 

acce le ra t ed  t o  t h i s  speed with rocket or t u r b a j e t  power. The 

upper po r t ion  of Figure 3 shows the  schematic of t h i s  engine.  The 

i n l e t  air i s  compressed and slowed down r e s u l t i n g  i n  a temninal 
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' shock, The flow behind t h e  terminal shock where CombustiGn 

i s  taking place i s  subsonic.  

t he  i n t e r n a l  s t a t i c  pressure and temperature become extremely 

high, With present state of t h e  a r t  mterials, t h i s  engine 

and por t ions  of t he  i n l e t  must be regenera t ive ly  cooled by t h e  

f u e l .  A t  extremely high speeds t h e  f u e l  required t o  c o o l  t h e  

engine and i n l e t  exceeds t h e  f u e l  flow required t o  c r u i s e  t h e  

a i rcraf t .  A t  speeds above th i s ,  c r u i s e  e f f i c i ency  drops r a p i d l y .  

Zupersonic Combustion Ramjet 

A t  t h e  higher  hypersonic speeds, 

A t  t h e  high hypersonic f l i g h t  speeds t h e  supersonic combustion 

ramjet may be super ior  t o  the subsonic combustion ramjet. 

supersonic cornbu2tion ramjet i s  shown in t h e  lower schematic of 

Figure 3. The i n l e t  a i r  i s  not compressed nor slowed down as  much 

as t h e  a i r  i n  t h e  subsonic combustion engine; consequently, t he  

flow remains supersonic throughout t h e  combustion and expansion 

processes.  T;le i n t e r n a l  s t a t i c  pressures  and temperatures a r e  

a l s o  less than those  found i n  the subsonic engine. 

t i o n a t e l y  smaller cowl a lso all9ws more r a d i a t i o n  cooling on t.ie 

i n l e t  and exhaust nozzle surfaces .  

engine i s  that i t  becomes extremely large as w i l l  be shown la te r .  

It a l s o  r equ i r e s  some o ther  propulsion schsme t o  boost i t  t o  t hese  

high hypersonic speeds. 

The 

The propor- 

The chief  disadvantage of t h i s  

Region of Operation 

The probable region of operation for t h e  air-breathing engines 

i s  shown i n  Figure 4. 
each of t h e  propulsion systems, t h e  figure shows t h e  r e l a t i v e  order  

of each.. It i s  noted tha t  f l i g h t  a t  the higher speeds would 

r e q u i r e  opera t ion  a t  very high sk in  temperatures.  It i s  doubt fu l  

Although t h e r e  i s  considerable overlap f o r  

- 6 -  



L t h n t  a t r c r a f t  would cruise a t  speeds high enough t o  requj-re 

-? 

'-7 

11 

-1 -3 

, 

a c t i v e  cooling of  major  portions of t h e  r \ j . rcraf t .  

ap.jears reasonable t h a t  a Mach number 8 to 10 c r u i s e  a i r c r a f t  

It therefore, 

ernployins a supersonic combustion ramjet, would be a logical choice.  

For t h e  subsonic combustion ramjet engine i t  appears t h a t  a Mach 

number 5 t o  6 c r u i s e  speed would be reasonable.  
s9 

Hypersonic Aircraft 
1 

- Long Range Cruise Aircraft ,  

The probable ranges f o r  l o n g  range c r u i s e  a i r c r a f t  are 

as  shown on Figure 5.  

a c c e l e r a t e  and decel-emte a t  l o w  rates, it i s  i n t e r e s t i n g  t o  note  

t h a t  the  r a t i o  of c r u i s e  range t o  ascenk pl-us descent rhwe 

decreases  from 5.0 f o ~  an SS'P t o  1.8 for a F'lsch number 10 crLi1s.e 

aircraft capable of f l i g h t  half-way mound the wor ld .  A t  speeds 

Since the large a i r c r a f t  must n e c e s s m i l y  

s i g n i f i c a n t l y  above Mach 10, t h e  a i r c r a f t  would probably be c h s s e d  

as an accelerat ion-boost  a i r c r a f t  r a t h e r  t h r n  a c r u i s e  a i r c ra f t ,  

Cruise above a Mach number of  4 will r equ i r e  extensive ana lyses  of 

configurat ion t r adeof f s ,  in le t -engine  matchiw, and cooling require-  

ments. 

these ranges could be m e t  w i t h  p r a c t i c a l  a i rp l anes .  Thersefore, t h e y  

should be viewed as probable goals .  

number 8 t o  10 c r u i s e  aircraft  employing supersonic combustion is 

c u r r e n t l y  under study and i s  shown on Figure 6. 
cowl, and exhaust nozzle extend t n e  f u l l  l e n g t h  of t h e  veh ic l e .  

i n l e t  cowl c loses  a t  t h e  lower speeds t o  prevent s p i l l  drag. 

i l i a r y  i n l e t s  and exhausts o u t l e t s  open on t h e  ra:nps t o  provide 

propuls ive t h r u s t  at t h e  lower speeds. It i s  estimated tha t  t he  

vehicle would weigh approximately 600,000 l b s .  - 

It was beyond tlre scope of this study t o  de te rn ine  whether 

A configurat ion f o r  a Mach 

The engine i n l e t ,  

The 

Aux- 

- 7 -  



s Shvrt Range Accelerctor - Cruise fi ircr.eft  

This  category includes t h o s e  aircraft which would a c c e l e r a t e  

r ap id ly  t,7 hypersonic speeds and also be capable of extended c r u i s e  

with t o t a l  ranges of approximately 3,000 n a u t i c a l  miles. This 

includes hypersonic interceptors  and. t-ie hypersonic resesrch  air- 

plane. 

Figure 7 shows an  oLtline drawing of a L€$ fue led  inter- 

ceptor  using turboramjet engines.  It would have dash c a p a b i l i t y  

t o  a :&ich nilmber g r e a t e r  than 7, and would c r u i s e  at. 8 h c h  

n,mber of 6. 

interceptor  using turboranje t  engines.  This vehic le  wsuld c r u i s e  

a t  a MacLi nzmber o f  6. For t h e  Mach nlinLer 6 cruise case both 

veh ic l e s  had comparable ranges - i n  the order  of 3,000 naut ical  

milas. However, t he  in t e rcep to r  using J P  fuel was not designed 

for operat ion above a Maci number. o f  6 .  

Figure 8 shows an o u t l i n e  dmwing of a JP-f'ueled 

Figure 9 shows an o u t l i n e  drawing o f  a M2-fueled turbo- 

ramjet powered 'njpersonic research a i rp l ane .  This vehic le  would 

have acce le ra t ion  c a p a b i l i t y  g r e a t e r  than 8, Mach Ember of  7, and 

a t o t a l  range of 2,800 nau t i ca l  miles a t  a c r u i s e  speed o f  Mac9 

nimber 6. 
Figure 10 shows t h e  estimated sonic boom overpressures for a 

tmical boost t r a j e c t o r y  of the hypersonic research  a i rp l ane .  

Since f l i g h t s  of a veh ic l e  of this type would be imde over a 

spa r se ly  populated area, the 3.0 lbs / f t2  level W ~ S  f e l t  t o  be 

acceptab le .  

Accelerat ion - Boost Aircraft 

In Figure 2 i t  was shown tmt the a i r -brea tn ing  engines are 

c l e a r l y  super ior  t o  the rocket engines f o r  c r u i s e  app l i ca t ions .  

If a i r c r a f t  such as recoverable boos te rs  w i l l  r equ i r e  per iods  o f  

- 8 -  
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extended c m i s e  for increased orbital o f f s e t  capab i l i t y ,  then 

t h e  air-breathing encines u e  n:eded. Hovever, if '.,he recovercble 

boosters mist only acsclcrcLte t o  some final o r  sta;;in;_?, S P C C ? ~ ,  i t  

i s  not  clear wnizh p q m l z i o n  s y c t e x  i s  supe r io r .  The rocket  

enGine nas a high thrust-to--might rat3-3 anti a low specific 

impulse. Th2 air-breathing e x i n e s  :lave a high s p e c i f i c  impulse 

and a low thrust-to-weight ratio. mc? the  classical arguments w i l l  

continue on through the  years u n t i l  s u f f i c i e n t  technology i s  

obtaiue4 t- .rough rz3carch t o  show t h e  t r u e  merits of t h e  n i r -  

breathivg erq ines .  

For  t h i z  paper, a c o m y r i s m  IJZS made k t w e c n  a =lubsonlc 

comhus tion tarboranz:ct-powered rescerch v2Ncle and n rocket- 

powered veh4-cle.  Both vehicles were tihe satle ex+,ernnl shape 

exc2yt ?or po!Jellsnt tmkage, enzinss ,  and inlets. Fisure 11 

shows the results of thhst study. The rocket powered a i r p l a n e  vas 

weight 2irdtcd a t  takeoff and weighed 100,000 l b s .  At, ~l &en 

number of  7, both v e h i c l e s  hsd about th-ct same p r o p e l l n n t  ( o r  fuel) 

remrves.  

rock:.t a i r p l a n e  s t  takeoff and. tDok niuch longer t o  x c s l e r a t e  t o  

the  terinlnal speed. It i s  resl ized that two entirely d i f f e r e n t  

aircraft would r e s u l t  ir each vehic le  were optimized for itj's 

propulsion system; however, the trends would r e m i n  the saae. 

It also i n d i c a t e s  t h a t  hybrid propulsicri systems such as the s i p -  

augmented rocket m y  also be compet i t ive  f o r  Sooster a p p l i c a t i o n s .  

The air-breathing vehic le  weighed 20% less thczr, t he  

Although b o o s t - a l r c r s f t  have been considered for many appli-  

ca t i cns  I n  ';he past, t h e  rollowing sttldi2.s were focuscd on Ezn 

ea r th - to -o rb i t  t rampor taLion  3gste-n. 2-L,3 system would t r anspor t  

men and supplies to a hypothet ical  space s t a t i o n .  

- 9 -  
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Single Stage t o  Orbi t  

A study was performed assurdrig t x t  a i r -brea th ing  eligines 

would be u t i l i z e d  t o  t he i r  maximum capac i ty  and then f i n a l  pro- 

puls ion would be supplied by LO2-% rockets .  

requirements t o  achieve single stage t o  o r b i t  c a p a b i l i t y .  

o rd ina te  i s  the v e l o c i t y  of t r a n s i t i o n  f'rom a i r -brea th ing  t o  rocket  

engines p l o t t e d  versus  the ove ra l l  mass r a t i o  f o r  three rocket 

s p e c i f i c  impulse curves.  

L02-LH2 rocket ,  a n  advanced chernical rocket,  and a nuc lear  

rocket ,  r e spec t ive ly .  A s  an example of the  j o i n t  requirements,  

if '  a i r -brea th ing  engines were advanced from 3,000 f t / s e c  t o  

7,000 f t / s e c  an3 t h e  rocket was improved t o  a s p e c i f i c  impulse 

Figure 1 2  shows t h e  

The 

Taese curves represent  t h e  e x i s t i n g  

of TOO, it would r equ i r e  a mas3 r a t i o  of about 3.8. 

s t r u c t u r a l  e f f i c i e n c e s ,  i t  does not  appear t o  be  poss ib l e  t o  b u i l d  

an a i r p l a n e  wi th  this o v e r a l l  mass r a t i o .  

r equ i r e  a mass r a t i o  of 2 . 2 5 .  

i t  i 3  doubtful  t ha t  an  ove ra l l  mass r a t i o  of t h i s  magnitude could 

be b u i l t ,  

s i n g l e  stage t o  o r b i t  t r anspor t a t ion  system i n  tGe near  f 'uture.  

Two Stage t o  O r b i t  

With cu r ren t  

The nuc lear  rocket would 

Again, wi th  the  high shielding weights 

Therefore,  i t  d i d  not appear feasible t o  consider  a 

Since t h e  requirements f o r  a two-stage veh ic l e  are less 

s t r i w e n t  than  those of tile slTgle-stage vehicle ,  a study was 

performed t o  i n v e s t i g a t e  t h i t  type of' vehic le .  A parametric s tuay 

was performed t o  determine second-stage launch weight requirements.  

Figure 13 shows t h e  effect of  rocket motor s p e c i f i c  impulse on tne 

second-stage launch weight a s  a funct ion of staging ve loc i ty .  The 

curves show t h a t  high s taging v e l o c i t i e s  are requi red  t o  reduce 

the  second stage launch weight t o  a reasonable s i z e .  For a second 

- 10 - 



0 0 
stage launch weight of 400,000 l b s .  t h e  takeoff  gross  weight 

would probably exceed l,000,000,1Gs. 

of i n e r t  weight f r a c t i o n .  For the values  se l ec t ed ,  t h e  e f f e c t s  of 

i n e r t  weight f r a c t i o n  had a l a r g e r  e f f e c t  than t h e  s p e c i f i c  impulse 

e f f e c t .  It i n d i c a t e s  t h a t  s i g n i f i c a n t  improvements may be of fered  

by l i g h t e r  and s t ronger  high-temperature s t r u c t u r e s .  

shows the combined e f f e c t  of s p e c i f i c  impulse and i n e r t  weight 

f r a c t i o n .  Assuming that the  second-stage launch weight i s  4@ 
of t h e  t o t a l  veh ic l e  takeoff  gross  weight, a staging v e l o c i t y  of 

6,600 f t / s e c  would r e q u i r e  a 1,000,000 lb takeoff  gross  weight 

f o r  m e s e n t  s t a t e -o f - the -a r t .  Improvements i n  t h e  s ta te -of - the-  

a r t  o r  i n  t h e  s tag ing  v e l o c i t y  would s i g n i f i c a n t l y  reduce the  

weight and improve t h e  second-stage payload weight f r a c t i o n .  

i 
Figure 1 4  shows the  e f f e c t  

Figwe 15 

CONCLUSIONS 

The following conclusions e m  be formed from the  s t u d i e s  

completed t o  date: 

1. The long-ranae hypersonic c r u i s e a i r c r a f t  i s  

suf 'f icjently i n t e r e s t i n g  t o  warrant more d e t a i l e d  

stiidies . 
I n t e r c e p t o r s  f'ly?.ng a t  low hypersonic speeds could 

use J P  o r  H, f u e l .  

speeds i s  reqclired, t h e n  T* appears t o  be the best 

fuel. 

t 

2. 

I f  dash c a p a b i l i t y  t o  t he  higher 
L 

L 

3 .  F i r s t  stage recoverable boos te rs  must s t age  a t  

reasonably high ve loc i t , i es  t o  reduce the  takeoff  ( 

gross  weight. 

would provide a more p r a c t i c a l  s i z e  for takeoff  from 

conventional runways. 

Advancements i n  t h e  s ta te -of - the-ar t  
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. 4. Research programs should be aimed a t  providing 

advancements In  technology i n  t h e  f ie lds  of  pro- 

pcdsion, coi-L'iguration aerodjrnaildcs, ai-d 'nigh 

ternpei?ature li&t weight ztructures to neet t h e  

demands of future h;;rperzonic s i r c r a f t .  
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